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Abstract: The functions of the Ionotropic Receptor (IR) family have been 20 
well studied in Drosophila melanogaster, but only limited information is 21 
available in Lepidoptera. Here, we conducted a large-scale genome-wide 22 
analysis of the IR gene repertoire in 13 moths and 16 butterflies. Combining a 23 
homology-based approach and manual efforts, totally 996 IR candidates are 24 
identified including 31 pseudogenes and 825 full-length sequences, 25 
representing the most current comprehensive annotation in lepidopteran 26 
species. The phylogeny, expression and sequence characteristics classify 27 
Lepidoptera IRs into three sub-families: antennal IRs (A-IRs), divergent IRs 28 
(D-IRs) and Lepidoptera-specific IRs (LS-IRs), which is distinct from the case 29 
of Drosophila IRs. In comparison to LS-IRs and D-IRs, A-IRs members share a 30 
higher degree of protein identity and are distinguished into 16 orthologous 31 
groups in the phylogeny, showing conservation of gene structure. Analysis of 32 
selective forces on 27 orthologous groups reveals that these lepidopteran IRs 33 
have evolved under strong purifying selection (dN/dS<<1). Most notably, 34 
lineage-specific gene duplications that contribute primarily to gene number 35 
variations across Lepidoptera not only exist in D-IRs, but are present in the two 36 
other sub-families including members of IR41a, 76b, 87a, 100a and 100b. 37 
Expression profiling analysis reveals that over 80% (21/26) of Helicoverpa 38 
armigera A-IRs are expressed more highly in antennae of adults or larvae than 39 
other tissues, consistent with its proposed function in olfaction. However, some 40 
are also detected in taste organs like proboscises and legs. These results 41 
suggest that some A-IRs in H. armigera likely bear a dual function with their 42 
involvement in olfaction and gustation. Results from mating experiments show 43 
that two HarmIRs (IR1.2 and IR75d) expression is significantly up-regulated in 44 
antennae of mated female moths. However, no expression difference is 45 
observed between unmated female and male adults, suggesting an 46 
association with female host-searching behaviors. Our current study has 47 
greatly extended the IR gene repertoire resource in Lepidoptera, and more 48 
importantly, identifies potential IR candidates for olfactory, gustatory and 49 
oviposition behaviors in the cotton bollworm. 50 
Keywords: Ionotropic receptor, Gene duplication, Helicoverpa armigera, 51 














1. Introduction 54 
Chemosensation, including olfaction and gustation, is of vital significance 55 
for survival and reproduction of insects, and is associated with various 56 
behavioral and physiological activities such as host-searching, 57 
predator-avoidance, conspecific-recognition and oviposition site-location as 58 
well as food-assessment and acceptance (Dahanukar et al., 2005; Kaupp, 59 
2010; Vosshall and Stocker, 2007). Ecologically, smell and taste have 60 
constantly driven the evolution of the insect chemosensory system to adapt to 61 
diversified environmental selection pressures. Under the context of such 62 
chemoreception, insect species have evolved the specialization or 63 
generalization for host plants (Gouin et al., 2017; Knolhoff and Heckel, 2014; 64 
Ramasamy et al., 2016). These chemosensory-related behaviors are triggered 65 
by three receptor families of odorant (ORs), gustatory (GRs) and ionotropic 66 
(IRs) receptors that reside in the dendrite of olfactory (OSNs) or gustatory 67 
(GSNs) sensory neurons (Ihara et al., 2013; Nei et al., 2008; Su et al., 2009). 68 
Each type of receptor protein is distributed predominantly in a specific 69 
sensillum type and responds to specific odors or tastants. For instance, 70 
pheromone receptors (PRs) belonging to the OR family, are housed primarily 71 
in trichoid sensilla and contribute to pheromone sensing (Jiang et al., 2014; 72 
Krieger et al., 2004). In contrast to ORs and GRs, IRs are detected primarily in 73 
the dendritic membrane of OSNs innervating coeloconic sensilla that are 74 
sensitive to acids, ammonia, alcohols, aldehydes, ketones and even humidity 75 
(Benton et al., 2009; Yao et al., 2005). During the process of odor or tastant 76 
perception and recognition, these receptor proteins, just like in a network node, 77 
connect the whole chemosensory system and hence are earmarked as 78 
potential molecular targets for pest control. 79 
IRs were first discovered from the Drosophila melanogaster genome using 80 













glutamate receptors (iGluRs) family, IRs are functionally distinguished from the 82 
three other sub-families of iGluRs [AMPA 83 
(α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid), NMDA (N-methyl- 84 
D-aspartate) and Kainate] (Benton et al., 2009). With the emergence of 85 
growing insect genomes, a large number of IRs have been identified, with 86 
variable numbers ranging from 10 in Apis mellifera to 95 in Anopheles gambiae 87 
(Rytz et al., 2013; Vieira and Rozas, 2011). Based on the characteristics of 88 
phylogeny, expression and sequence, Drosophila IR members are further 89 
classified into two sub-families: “antennal IRs (A-IRs)” and “divergent IRs 90 
(D-IRs)”. The A-IRs sub-family is highly or specifically expressed in antennae, 91 
and thus initially defined as olfactory receptor; whereas the D-IRs primarily 92 
distributed in non-antennal tissues appear to be more species-specific with 93 
copy number variations across insects, possibly guiding gustatory behaviors 94 
(Croset et al., 2010; Rytz et al., 2013). 95 
Although functional roles of IRs in insects were initially restricted to 96 
olfaction, recent studies have extended their functions to the sensing of 97 
hearing, taste, temperature and humidity (Abuin et al., 2011; Benton et al., 98 
2009; Enjin et al., 2016; Ganguly et al., 2017; Hussain et al., 2016; Joseph et 99 
al., 2017; Knecht et al., 2017; Knecht et al., 2016; Koh et al., 2014; Ni et al., 100 
2016; Senthilan et al., 2012; Stewart et al., 2015; van Giesen and Garrity, 101 
2017). Like ORs, a heteromeric complex is required for IR functions, with at 102 
least one ligand-specific IR and a co-receptor IR (generally IR8a or IR25a), 103 
and at most up to five IRs together within a single OSN (Abuin et al., 2011; 104 
Silbering et al., 2011). For instance, a combination of DmelIR84a/8a in D. 105 
melanogaster responded to phenylacetaldehyde and phenylacetic acid 106 
promoting male courtship (Grosjean et al., 2011). Two conserved IRs, IR25a 107 
and IR93a, were required for functional performance of an additional IR: IR21a 108 
for cool temperature avoidance (Ni et al., 2016), IR40a for dry sensing (Knecht 109 
et al., 2016) and IR68a for moist sensing (Knecht et al., 2017). Other 110 













IR31a/IR8a, IR64a/IR8a, IR75a/IR8a, IR41a/IR25a, IR76a/IR76b/IR25a, and 112 
IR41a/IR76b (Abuin et al., 2011; Ai et al., 2013; Hussain et al., 2016; Silbering 113 
et al., 2011). In addition to studies of D. melanogaster IRs, several other cases 114 
on IR functions were presented for D. sechellia and A. gambiae (Liu et al., 115 
2010; Pitts et al., 2017; Prieto-Godino et al., 2017). Together, these studies 116 
indicate functional diversities of insect IRs (at least in Diptera), not only 117 
contributing to olfaction, but also involving gustation and non-chemosensation 118 
functions. 119 
Although IRs have been intensively studied in D. melanogaster since 2009, 120 
to date little information is available regarding their functions beyond 121 
Drosophila and a limited number of mosquito species. Consequently, evolution 122 
and functions of IRs from other orders like Lepidoptera have still been largely 123 
unexplored and poorly understood. This greatly restricts our knowledge of IR 124 
evolution across the Arthropoda. The order Lepidoptera, containing valuable 125 
economic insects, important agricultural and forest pests, is composed of 126 
moths and butterflies (Heppner, 2008). The recent growth of genomic data in 127 
Lepidoptera has allowed us to expand a comprehensive and extensive study 128 
of IRs including gene annotation, structural analyses, expression 129 
characteristics, functional roles, evolutionary conservation and divergence. 130 
Based on the current genomes of 29 lepidopteran species, together with the 131 
corresponding sequenced transcriptomic data, here we characterized IR gene 132 
repertoire with an emphasis on its functional roles in Helicoverpa armigera. 133 
This study greatly improves the previous work for Lepidoptera IRs, provides 134 
valuable reference data for further gene identification and functional analysis, 135 
and most importantly, sheds light on the evolution of the IR gene family across 136 
the Arthropoda. 137 
2. Materials and methods 138 













2.1.1. Gene identification 140 
The genome assemblies used in this study were downloaded from 141 
Lepbase (http://lepbase.org/) (Challis et al., 2016) or the National Center for 142 
Biotechnology Information (NCBI), and transcriptomic data were acquired from 143 
NCBI Sequence Read Archive (SRA) Databases 144 
(https://www.ncbi.nlm.nih.gov/genbank/tsa/). These lepidopteran species 145 
included: 13 moths - Amyelois transitella, Bombyx huttoni, B. mori, 146 
Callimorpha dominula, Cameraria ohridella, H. armigera, H. zea, Mamestra 147 
configurata, Manduca sexta, Operophtera brumata, Plodia interpunctella, 148 
Plutella xylostella and Spodoptera frugiperda; and 16 butterflies - Agraulis 149 
vanilae, Bicyclus anynana, Calycopis cecrops, Danaus plexippus, Dryas iulia, 150 
Heliconius melpomene, Junonia coenia, Lerema accius, Melitaea cinxia, 151 
Pararge aegeria, Papilio glaucus, P. machaon, P. polytes, P. xuthus, Phoebis 152 
sennae and Pieris rapae. Detailed information of above genomes was listed in 153 
Table S1. 154 
To search exhaustively all IRs in each species and gain full-length 155 
sequences of as many as possible, we screened several types of data 156 
including assembled genomes, raw genomic sequences and sequenced 157 
transcriptomes of various tissues. Firstly, candidate H. armigera IR genes were 158 
identified by TBLASTN against genome and transcriptomes with an E-value 159 
cutoff of 1e-5 (Pearce et al., 2017), using known IR protein sequences of D. 160 
melanogaster, B. mori, H. armigera, D. plexippus and H. melpomene (Croset 161 
et al., 2010; Liu et al., 2014; van Schooten et al., 2016). Subsequently, 162 
extensive manual curation was performed using the Helicoverpa armigera 163 
WebApollo online 164 
(http://webapollo.bioinformatics.csiro.au/helicoverpa_armigera) according to 165 
transcriptomic data and exon/intron splice site of GT-AG rule. Deduced amino 166 
acid (AA) sequences with less than 100 AAs were discarded. To completely 167 













turn used as queries to screen the genome and transcriptomes in an iterative 169 
approach. The same procedure was used to identify IR genes of other 170 
lepidopteran species by a homology-based approach. 171 
The distribution of IR genes on scaffolds was mapped using TBLASTN 172 
searches against the stand-alone genomes previously added to Geneious 173 
10.1.3 software. Of these, silkworm IR genes were aligned to chromosomes 174 
using a SilkMap tool (http://silkworm.genomics.org.cn/). 175 
2.1.2. Gene nomenclature 176 
We named these IRs as per the nomenclature conventions of B. mori, D. 177 
melanogaster and other reported lepidopteran IRs, coupled with the 178 
phylogenetic trees. Of notice, a large number of species-specific D-IRs 179 
expansions were identified, which are not analogous to D. melanogaster D-IRs 180 
or other reported lepidopteran IRs. Thus, these genes were designated as 181 
IR100 with a lowercase letter like HarmIR100b to HarmIR100k; and meanwhile 182 
we revised previous nomenclature of D-IRs in B. mori, D. plexippus, H. 183 
armigera, H. melpomene, H. zea, M. sexta and S. frugiperda, based on the 184 
orthology and physical location on scaffolds. In particular, a sub-family of IR 185 
that has not previously been identified, appeared to be Lepidoptera-specific 186 
and was assigned the name of IR100a but had no orthology to IR100a in D. 187 
melanogaster or other IRs in non-Lepidoptera species. Another specific 188 
example was IR7d.2.1 from D. plexippus: given the alignment results of 189 
orthologs, together with scaffold distribution and phylogenetic relationship, 190 
both IR7d.2.1-1 and IR7d.2.1-2 were respectively aligned to 5'- and 3'-termini 191 
of one IR, and thus designated them as two parts of a gene. The nomenclature 192 
of H. armigera iGluRs followed our previous study (Liu et al., 2014) with four 193 
novel candidates (HarmiGluR9, 10, 11 and 12) (Table S2). 194 













Signal peptides and transmembrane domains (TMDs) were predicted 196 
using SignalP 4.1 Server (Petersen et al., 2011) and TMHMM Server v2.0 197 
(Krogh et al., 2001), respectively. Amino acid sequences were aligned using 198 
ClustalW (Larkin et al., 2007) and MUSCLE (Edgar, 2004). Analysis of 199 
exon/intron splice sites was conducted using GeneWise with the synchronous 200 
model and GT-AG rule (Birney et al., 2004). The graphics were generated with 201 
Exon-Intron Graphic Marker (http://www.wormweb.org/exonintron). In the 202 
phylogenetic analysis, short sequences (< 100 AAs) were removed. Sequence 203 
alignment was conducted using MAFFT v7.308 with default parameters 204 
(scoring matrix: BLOSUM62 and gap open penalty = 1.53) (Katoh and 205 
Standley, 2013). The maximum-likelihood trees were constructed by FastTree 206 
(version 2.1.8) (Price et al., 2010) under the Whelan-And-Goldman (WAG) 207 
model, discrete gamma distribution and CAT approximation with 20 rate 208 
categories. Bootstrap support values were computed with SH-like 1000 209 
support. The tree was further viewed and edited using FigTree v1.4.3. 210 
In the analysis of selective forces, candidate pseudogenes and partial 211 
sequences were discarded. Alignment of protein sequences was performed 212 
with ClustalW (Larkin et al., 2007), and the tree was constructed by FastTree 213 
version 2.1.8 (Price et al., 2010). The non-synonymous (dN) to synonymous 214 
(dS) substitution rates (dN/dS) were calculated using codeml in PAML (Yang, 215 
2007). dN/dS < 1 is considered to be purifying selection, dN/dS = 1 is 216 
considered to be neutral evolution and dN/dS > 1 indicates positive selection. 217 
The M0 model (assuming all branches have the same dN/dS ratio) was 218 
employed to estimate the global selective pressure on each branch of 219 
orthologous groups. 220 
2.2. Molecular biology 221 













H. armigera larvae were fed on an artificial diet in the laboratory of CSIRO 223 
as previously described (Akhurst et al., 2003). Pupae were sexed and 224 
separated in two cages until eclosion. The emerged adults were supplied with 225 
10% honey solution. For construction of RNA-Seq libraries, various tissues at 226 
developmental stages were collected: larval tissues including antennae, 227 
mouthparts, epidermises, fat bodies, foreguts, midguts, hindguts, malpighian 228 
tubules, haemocytes, hearts, trachea, ventral nerves, silk glands, salivary 229 
glands and muscles of 5th instar larvae as well as whole bodies of 3rd and 5th 230 
instar larvae; pupae; embryos; 0- and 5-d-old adult tissues including antennae, 231 
heads without antennae, thorax, abdomens and tarsi of both sexes, and 232 
female ovaries and male testes (Pearce et al., 2017). 233 
In the analyses of reverse transcription PCR (RT-PCR) and quantitative 234 
real time PCR (qPCR), antennae were dissected from 3-d-old mated and virgin 235 
female and male adults at the beginning of the 3rd photophase, respectively. 236 
Additionally, reproductive systems, proboscises and legs of both sexes from 237 
3-d-old virgin adults were isolated and dissected, respectively. 238 
2.2.2. Mating experiment of female and male H. armigera 239 
In the mating experiment, we defined the 1st day after adult eclosion as 240 
0-d-old adults, and accordingly designated them as 1-d-old adults after 241 
undergoing a whole scotophase. The paired experiment began during the 2nd 242 
photophase in a 250 mL plastic cup, with a 1-d-old virgin female moth and a 243 
1-d-old virgin male moth. After the pairs were kept until a complete scotophase 244 
(the 2nd scotophase), antennae of paired female and male adults were 245 
separately collected in a clean tube with a specific identity, and then 246 
immediately immersed in liquid nitrogen. The female adults used for antennae 247 
dissection were kept in a plastic cup until oviposition to ensure whether they 248 
had mated. Mated female and male moths were judged by the following two 249 













ensuring that both female and male adults successfully mated, antennae 251 
previously collected were further pooled. Each paired experiment was 252 
performed with at least 40 pairs of female and male moths. In addition, 253 
antennae from virgin female and male adults were collected, respectively. 254 
Three independent biological experiments were set as three templates for 255 
qPCR study. 256 
2.2.3. Total RNA extraction and first-strand cDNA synthesis 257 
In the experiments of RT-PCR and qPCR, total RNAs of antennae, 258 
proboscises and reproductive-related tissues were extracted using TRIzol® 259 
Reagent (Ambion, Life Technologies, Carlsbad, CA, U A) along with the 260 
protocol. First-strand cDNA synthesis was performed with 1 µg of total RNA 261 
using PrimeScript™ RT reagent Kit with gDNA Eraser (TaKaRa, Dalian, 262 
Liaoning, China) according to the manufacturer's instruction. Briefly, genomic 263 
DNA was eliminated by treatment with gDNA Eraser at 42 °C for 2 min. The 264 
reverse transcription reaction was carried out at 37 °C for 15 min and was 265 
stopped at 85 °C for 5 s. The prepared cDNA templat es were stored -20 °C 266 
until use. 267 
2.2.4. Gene cloning and expression profile analysis 268 
RT-PCR was employed to validate sequences of four IR genes in H. 269 
armigera (HarmIR8a, 31a, 76b and 87a) with gene-specific primers (Table S3) 270 
designed by Primer Premier 6.0 (PREMIER Biosoft International, CA, USA). 271 
PCR was conducted with KOD Hot Start DNA Polymerase (Novagen, 272 
Germany) following the protocol, with an annealing temperature of 60 °C. Next, 273 
PCR products were sub-cloned into a cloning vector of pBlueScript. Positive 274 
clones were verified by RT-PCR and further sequenced. 275 
For expression profiles of H. armigera IRs, Reads Per Kilobase per Million 276 













(http://dew.sourceforge.net/), as previously described (Liu et al., 2014). 278 
Sequencing, assembly and analysis of all the transcriptomes from H. armigera 279 
were shown in the previous studies (Liu et al., 2014; Pearce et al., 2017; Xu et 280 
al., 2016). Gene expression patterns were further examined by RT-PCR, with a 281 
procedure of 94 °C for 3 min; 35 cycles at 94 °C fo r 30 s, 60 °C for 30 s and 282 
72 °C for 40 s; and final extension at 72 °C for 5 min. The RPKM values of P. 283 
xylostella IRs at developmental stages (egg, 3rd larva, pupa and adult) were 284 
gained, by BLASTP searches using identified PxylIRs as queries against the 285 
diamondback moth (DBM) OGSv1 protein database 286 
(http://iae.fafu.edu.cn/DBM/blast.php). Further, expression abundance of IR 287 
genes by RPKM values was presented with heatmap plots. 288 
qPCR primers (Table S3) were designed by Beacon Designer 8.13 289 
(PREMIER Biosoft International, CA, USA). qPCR was performed on a 290 
qTOWER 2.2 Real Time qPCR Thermal Cycler (Analytik Jena AG, Jena, 291 
Germany) with SYBR Premix Ex Taq™ (TaKaRa, Dalian, Liaoning, China). 292 
Each sample was run with three technical replicates on three independent 293 
biological pools. Two reference genes, ribosomal protein L27 (RPL27) and 294 
ribosomal protein S15 (RPS15) (Zhang et al., 2015), were used to normalize 295 
gene expression of H. armigera IRs. Candidate IR gene expression was 296 
calculated relative to the reference genes by a Q-GENE program (Muller et al., 297 
2002; Simon, 2003). 298 
3. Results 299 
3.1. Annotation and identification of IR gene repertoire 300 
The exhaustive bioinformatics-based screen, coupled with manual 301 
refinements, in the genomes of 29 lepidopteran species (13 moths and 16 302 
butterflies) led to the identification of 996 IR genes. These identified genes 303 













plexippus, H. armigera, H. melpomene, M. sexta and P. xylostella, respectively 305 
(Croset et al., 2010; Liu et al., 2014; Koenig et al., 2015; van Schooten et al., 306 
2016; You et al., 2013). The extensive effort and manual curation yielded as 307 
many as 825 full-length sequences. Of these species previously curated, many 308 
IR sequences were re-annotated and corrected by a homology-based method, 309 
with a range of four in H. melpomene to 16 in H. armigera. On the other hand, 310 
additional novel IRs were found from these species, including six BmorIRs, five 311 
DpleIRs, 18 HarmIRs, two HmelIRs, 14 MsexIRs and 19 PxylIRs. In addition to 312 
those, all IR genes of the remaining species were novel. Beyond the IR family, 313 
we also identified 12 members of iGluR family from H. armigera, representing 314 
two AMPAs, two NMDAs and eight Kainates (Table S2). To verify sequence 315 
correctness of some HarmIRs, we randomly selected, cloned and sequenced 316 
four IR genes of HarmIR8a, 31a, 76b and 87a. Results showed that these 317 
identified sequences from genome and transcriptomes were correct. The 318 
sequences of all identified IRs are listed in Additional file 1. 319 
Of the 996 IR genes, 31 IRs were considered to be pseudogenes because 320 
they contained short fragments (110-483 AAs) and premature stop codons. To 321 
present whether these pseudogenes are orthologous to any of Drosophila IRs, 322 
we constructed the phylogenetic tree of 31 lepidopteran IR pseudogenes, 323 
DsecIR75a, 14 DmeliGluRs and 66 DmelIRs. Phylogenetic analysis revealed 324 
that all 31 pseudogenes were clustered to an independent clade and appeared 325 
not to be orthologous to Drosophila IRs (< 20% identities). However, we found 326 
that this family of lepidopteran IR pseudogenes had a relatively close 327 
relationship to the clade formed by DmelIR31a/64a/84a/75a-d and DsecIR75a 328 
(Figure S1 and Table S2). The remaining 139 IRs were tentatively annotated 329 
as partial sequences because they are subjected to a scaffold stop (e.g. 330 
HzeaIR7d.3 and McinIR75d), amino acid missing within encoding regions (e.g. 331 
parts of IRs in C. ohridella), incomplete 5'- or 3'-termini (e.g. several IRs in C. 332 













3.2. Gene characteristics 334 
Among all the IRs presented in this study, three IR members, functionally 335 
serving as co-receptors (IR8a, 25a and 76b), were highly conserved. In 336 
particular, IR25a orthologs shared an average of 88.85% identity as the most 337 
conserved IR genes in Lepidoptera (Table S4), similar to Orco members 338 
across insect species (Vosshall and Hansson, 2011). Notably, both HarmIR25a 339 
and HzeaIR25a exhibited identical amino acid sequences (100% identity) to 340 
each other, and such identity was also observed between HarmIR87a and 341 
HzeaIR87a. In comparison to the conservation among IR25a orthologs, other 342 
orthologous groups shared relatively low identities with the average of 33.34 to 343 
76.53% (Table S4). Intriguingly, several D-IRs paralogs also showed high 344 
degrees of sequence conversation (mean identities > 50%) such as the groups 345 
of HmelIR100d/e/f/g/h, JcoeIR100c/d/e/f, PamcIR100c/d/e/f, PglaIR100d/e/f/g 346 
and SfruIR100d/e/f/g/h (Table 1). However, among non-orthologous IRs the 347 
average protein identities were extremely low (< 20%). 348 
Compared to another two chemosensory receptor repertoires (ORs and 349 
GRs), the IR family exhibited the following unique characteristics: 1) Fewer 350 
gene numbers. Among lepidopteran species presented in this study, the 351 
number of IRs was relatively stable, ranging from 26 in P. sennae to 49 in M. 352 
configurata, which were less than that of ORs or GRs in the corresponding 353 
species. 2) Fewer and more stable transmembrane segments. To date, IR 354 
proteins were predicted to have three TMDs, whereas ORs and GRs generally 355 
shared seven TMDs. 3) Longer open reading frames (ORFs). In the two other 356 
families of ORs and GRs, lengths of ORFs were in general less than 500 AAs. 357 
By contrast, ORF sequences of IRs were longer, varying from 533 to 933 AAs, 358 
where IR76b members shared the shortest ORFs (533-555 AAs), IR25a 359 
orthologs showed the longest ORFs (918-933 AAs), and most of IRs (~61%) 360 













3.3. Gene phylogeny 362 
When the tree of IRs was constructed between a single species and D. 363 
melanogaster, IRs were clearly clustered into three large sub-families: A-IRs, 364 
D-IRs and Lepidoptera-specific IRs (LS-IRs) (Figure 1B and Table S4). Of 365 
these, a clade of A-IRs, IR60a group, was close to Lepidoptera-specific IR87a 366 
(Heliconius Genome, 2012; Olivier et al., 2011) in phylogeny, both of which 367 
shared higher sequence similarities with D-IRs members compared to A-IRs. 368 
Thus, in the phylogenetic analysis all identified IRs were divided into two large 369 
classes to construct Lepidoptera-wide phylogenetic trees: one contained 353 370 
D-IRs, 175 LS-IRs, 20 IR60a and 12 HarmiGluRs, and the other comprised 371 
443 D-IRs and 12 HarmiGluRs. Phylogenetic analysis classified the A-IRs into 372 
15 monophyletic groups, where each clade was further distinguished into moth 373 
and butterfly sub-groups with each gene presenting a one-to-one orthologous 374 
relationship. Of these, two co-receptors of IR8a and 25a were close to other 375 
sub-families of iGluRs. A large lineage-specific expansion (IR75 clade: 75d, 376 
75p, 75p.1, 75p.2, 75q.1 and 75q.2) was observed, with a mixture group of 377 
IR75p and 75p.2 showing high sequence identities to each other (Figure 2A). 378 
In comparison, phylogenetic clustering results of D-IRs and LS-IRs 379 
revealed more lineage-specific expansions possibly attributed to tandem 380 
duplications. Moreover, this duplication mechanism appeared to be common 381 
particularly in D-IRs sub-family of lepidopteran species and primarily 382 
contributed to variations of gene numbers across lepidopteran species. In the 383 
duplication events, a typical characteristic of genes was that they were arrayed 384 
on one scaffold in close vicinity to each other, e.g. species-specific expansion 385 
of IR100c-j in P. polytes and genus-specific expansion of IR100f-j in 386 
Helicoverpa. In addition, a large expansion, namely IR7d, consisted of four 387 
small clades of IR7d.1, 7d.2, 7d.3 and 7d.4. As for LS-IRs sub-family, all 388 
candidate pseudogenes (IR2 members) were grouped into a clade that was 389 













IR60a and IR87a orthologs were phylogenetically clustered into a large 391 
monophyletic clade (Figure 2B). 392 
To investigate the evolutionary forces on IR orthologous groups in all 29 393 
lepidopteran species, we estimated the rates of non-synonymous to 394 
synonymous substitution (dN/dS) by PAML analysis. Totally, 27 orthologous 395 
groups were used to calculate dN/dS ratio, consisting of 16 A-IRs, five LS-IRs 396 
and six D-IRs. These orthologous groups of all three IR sub-families shared a 397 
low dN/dS value (A-IRs: median dN/dS = 0.0971, LS-IRs: median dN/dS = 398 
0.1437 and median dN/dS = 0.1270) varying from 0.0311 to 0.2257. Of these, 399 
IR25a had the lowest dN/dS ratio of 0.0311, consistent with its protein 400 
sequence high conservation (mean identity = 88.85%). By comparison, LS-IRs 401 
of IR100b showed a relatively high dN/dS ratio of 0.2257 (mean identity = 402 
37.20%) (Figure 2C and Table S5). 403 
3.4. Gene gain and loss 404 
Based on the orthology of IRs across insects, 28 orthologous groups were 405 
strictly distinguished not including the group formed by pseudogenes (Table 406 
S4). This classification allowed us to further investigate which genes in a 407 
specific group has been gained or lost during evolution. In the sets of A-IRs, 408 
gene gain events have occurred mainly in IR75p and 75q groups, ranging from 409 
zero copy in P. sennae to five copies in nine moth species. Other small 410 
expansions contained: two copies - IR41a for C. dominula, P. interpunctella 411 
and J. coenia, IR76b for A. transitella, P. interpunctella and P. rapae; three 412 
copies - IR41a for M. cinxia and P. xylostella. This is also the first case of 413 
antennal IR41a and 76b having an additional copy in lepidopteran species. In 414 
LS-IRs, an additional copy was gained in IR100a for five butterflies and IR87a 415 
for B. anynana and P. aegeria; similarly, IR100b also showed two copies in 416 
seven moths and up to four copies in M. configurata. In comparison to the 417 













duplications. For instance, none of paralogous genes were detected in B. mori 419 
and B. huttoni, but nine paralogs in P. polytes were situated on scaffold 1555 420 
(Table S2 and Table S4). 421 
To clearly unravel gene loss events in 29 lepidopteran species, we 422 
compared and analyzed the orthologous groups, together with a prior study 423 
(Rytz et al., 2013). This analysis revealed the absence of parts of IRs in 14 424 
orthologous groups, consisting of eight A-IRs groups: IR31a, 60a, 75d, 75p, 425 
75p.1, 75p.2, 75q.1 and 75q.2; two LS-IRs groups: IR1.2 and 100b; and four 426 
D-IRs groups: IR7d.1, 7d.2, 7d.3 and 7d.4. Notably, members of all 14 groups 427 
were not detected in two orders of Coleoptera and Hymenoptera. In addition, 428 
IR31a was absent in three moths of A. transitella, P. interpunctella and P. 429 
xylostella. IR60a orthologs could not be found in the genera of Bombyx, Papilio, 430 
Phoebis and Pieris as well as the orders of Hemiptera and Isoptera. In 431 
particular, IR100b orthologs were lost in all butterflies and non-Lepidoptera 432 
species studied (Table 2). 433 
3.5. Gene structure and organization 434 
Following the results of the phylogenetic trees and sequence alignments, 435 
we summarized exon/intron splice sites, numbers, gains or losses, and 436 
positions of functional domains in each of 19 IR orthologous groups, including 437 
16 A-IRs, two LS-IRs and one divergent IR. In general, members from the 438 
same orthologous group were more conserved in exon number, exon length, 439 
exon similarity, intron phase, intron insertion site and functional domain 440 
position. However, lengths of introns were variable and did not show a 441 
conserved pattern, even among orthologs. Based on the alignments, missing 442 
and extra introns were easily observed. Except for the orthologs of IR21a 443 
(eight introns), IR31a (nine introns), IR40a (14 introns), IR41a (eight introns), 444 
IR64a (five introns), IR85a (one intron) and IR100a (one intron), the remaining 445 













additional intron at the position of 10th exon in L. accius, O. brumata, P, polytes, 447 
P. rapae, P. sennae. P. xuthus and P. xylostella; while B. mori IR75p lost the 7th 448 
intron (Figure 3). Two other IR groups (IR1.1 and 1.2) showed orthology to 449 
each other but their intron numbers, insertion sites and exon lengths were not 450 
highly conserved. The D-IRs IR60a and IR87a were intronless (Table S2). 451 
Further, all identified IRs were blasted and mapped onto scaffolds or 452 
chromosomes against their respective reference genomes. In each species, 453 
IRs were dispersed on various scaffolds or chromosomes, e.g. 24 scaffolds in 454 
B. mori representing 15 chromosomes, 21 in P. sennae, 25 in J. coenia, 26 in 455 
H. armigera and H. melpomene, 27 in M. sexta, 28 in H. zea and 15 in P. 456 
xuthus (Figure S2 and Table S2). 457 
Similar to OR and GR gene repertoires, numerous gene duplication 458 
events have likely occurred in the family of IRs. For the D-IRs sub-family, 459 
members of several species-specific monophyletic clades were located on the 460 
same scaffold in tandem assays. Some typical duplication events were 461 
established: IR100f/g/h/i/j in H. armigera and H. zea, IR100b/b.1/b.2/b.3 in M. 462 
configurata, IR100d/e/f/g/h and IR100i/j/k/l/m/n/o in S. frugiperda, 463 
IR100e/f/g/h/i in H. melpomene, IR100d/e/f/g in P. glaucus, IR100c/d/e/f in J. 464 
coenia, P. machaon and P. xuthus, and IR100c/d/e/f/g/h/i/j in P. polytes (Table 465 
1). In other D-IRs groups, a duplication event was present between IR7d.1 and 466 
7d.2 in 24 lepidopteran species, both of which were closely situated on the 467 
same scaffold with a same transcriptional orientation. In the sub-family of 468 
A-IRs, gene duplications appeared to occur mainly in IR75p and 75q groups. 469 
Intriguingly, multiple copies of two orthologous groups (IR41a and 76b) were 470 
acquired. These events were composed of IR41a/41a.1 in J. coenia and P. 471 
interpunctella and IR41a/41a.1/41a.2 in M. cinxia, as well as IR76b/76b.1 in A. 472 
transitella and P. interpunctella. The third sub-family of LS-IRs contained three 473 
possible gene duplication events (IR87a, 100a and 100b) with each group 474 
holding one more copy (Table S6). To verify these possible events, we 475 













genes with a minimum size of 500 bp ORFs. As expected, no additional ORFs 477 
were found, further supporting the inference that these genes are generated by 478 
gene duplications. 479 
3.6. Comparison of IR genes between Lepidoptera and Drosophila species 480 
As mentioned above, the number of Lepidoptera IRs in each species was 481 
not large, with the most being 49 in M. configurata. In comparison to 482 
lepidopteran species, D. melanogaster harbors 66 IRs and 11 other Drosophila 483 
species have an average of 63 candidates (Croset et al., 2010). By the 484 
alignment and phylogenetic analysis, 12 IR groups in Lepidoptera were highly 485 
orthologous to D. melanogaster antennal IRs. Of these genes, three key 486 
residues of five IR orthologous groups (IR8a, 21a, 25a, 40a and 64a) are 487 
identical to their respective orthologs in D. melanogaster. The remaining seven 488 
groups showed different degrees of amino acid conservation and divergence in 489 
key positions, most of which shared variable key residues with their 490 
corresponding orthologous DmelIRs. Additionally, a member of D-IRs 491 
sub-family (IR85a) in Lepidoptera showed orthology to DmelIR85a, but the 492 
average protein identity was only 19.62%. Moreover, in all three conserved 493 
positions no completely identical residues were found (Table S7). 494 
Previously, 18 IRs in each of 11 Drosophila species were functionally 495 
designated as A-IRs and 19 were defined in D. mojavensis (Croset et al., 496 
2010). In Lepidoptera, at least 12 IRs are orthologous to Drosophila A-IRs. 497 
Interestingly, some LS-IRs or D-IRs were also detected in antennae by 498 
RNA-Seq and molecular biology strategies (RT-PCR and qPCR), although 499 
parts of them had relatively low expression. To clearly present potential IR 500 
genes expressed in antennae, we used all H. armigera IRs as targets to 501 
determine the number of A-IRs in Lepidoptera. An expression threshold value 502 
by RPKM was limited above 0.1 in antennae of adults or larvae. In combination 503 













accordingly divided into the A-IRs including four LS-IRs and five D-IRs, 25 of 505 
which were further verified in antennal expression by qPCR. Based on the 506 
orthology of IRs, such classification also resulted in gene number variations of 507 
A-IRs, varying from 16 in P. sennae to 26 in A. transitella, H. armigera, H. zea, 508 
M. configurata and S. frugiperda (Table S4). 509 
3.7. Expression profile analysis of H. armigera IR genes 510 
To unravel potential functional roles of IRs, we conducted a large-scale 511 
expression profile analysis of H. armigera IR genes by RPKM values based on 512 
31 transcriptomic data sets. As expected, over 80% (21/26) of A-IRs were 513 
enriched in antennae of adults or larvae. Of notice, two IR genes (IR7d.3 and 514 
75p.1) were highly expressed in larval antennae, and a Lepidoptera-specific 515 
IR87a had specific expression in adult antennae and heads with antennae, 516 
which was consistent with our previous data (Liu et al., 2014). By contrast, 517 
expression of most D-IRs was not reproducibly detected or was very low in the 518 
antennae. Apart from the antennae, IR genes were also detected in at least 519 
one other tissue type including non-chemosensory tissues, such as embryos, 520 
guts, hemocytes and abdomens, although in some cases their expression 521 
levels were extremely low. Two candidate co-receptors, IR25a and 76b, were 522 
broadly expressed in most tissues tested (Figure 4A). Similarly, a diverse 523 
expression profile was also observed in P. xylostella IRs (Figure S3). 524 
Further, we validated RNA-Seq results using RT-PCR to further 525 
investigate HarmIRs expression in various tissues of both sexes. For the 21 526 
HarmIRs previously studied (Liu et al., 2014), we selected only three candidate 527 
co-receptors. Other IRs previously not determined by RT-PCR were randomly 528 
selected, representing a set of the remaining A-IRs and other IRs. The 529 
expression of all 12 HarmIRs by RT-PCR analysis was identical to the results 530 
by RPKM values, including HarmIR143 (Figure 4B). 531 













expression of three co-receptors and eight other IR genes that showed a high 533 
RPKM values in female ovaries or male testes were validated using RT-PCR in 534 
reproductive tissues of both sexes. Eleven IR genes displayed expression in at 535 
least one tissue tested. Of these, IR100d was specific to the bursa copulatrix; 536 
IR25a was highly expressed in the accessory gland, ejaculatory duct and 537 
bursa copulatrix; IR64a had a broad distribution in tested tissues, except 538 
spermathecal gland; IR76b and 100a were highly expressed in the ejaculatory 539 
duct and bursa copulatrix; and the remaining IRs exhibited extremely low 540 
expression in all studied tissues (Figure 5). 541 
As described above, 26 H. armigera IRs were classified into A-IRs 542 
sub-family and accordingly were defined as olfactory receptors. To explore 543 
possible functions of these genes in gustation, expression of 26 HarmIR genes 544 
was investigated in two principle taste organs of both sexes (proboscises and 545 
legs). This analysis revealed that 88% (23/26) of genes, except IR75p, 75p.1 546 
and 75q.1, were expressed in at least one taste tissue type of females or 547 
males. Strikingly, 12 HarmIRs showed abundant expression in proboscises or 548 
legs of female and male adults based on a defined threshold value of 0.0016, 549 
of which IR7d.1 and 7d.2 from the D-IRs sub-family displayed a comparable 550 
expression level, almost equal to the co-receptor IR8a but lower than IR25a 551 
(Figure 6). 552 
3.8. Effects of mating on the expression of antennal IRs in H. armigera 553 
The expression of 26 antennal IRs from H. armigera was examined in the 554 
antennae of mated and unmated adults of both sexes. Only one IR (IR75p.1) 555 
showed no expression in antennae. Among the remaining 25 IRs, IR25a 556 
showed the highest antennal abundance, in agreement with its designated 557 
olfactory function as a co-receptor. In the antennae of unmated adults, IR1.2 558 
displayed a significant male-biased expression (P = 0.0046). Intriguingly, some 559 













male adults. IR1.1 exhibited significantly increased expression (P = 0.0240) in 561 
antennae of mated females relative to mated males; whereas IR1.2 (P = 562 
0.0137) and IR75p (P = 0.0055) expression was higher in antennae of mated 563 
males than mated females. Most notably, we found that expression of two IR 564 
genes, IR1.2 (P = 0.0349) and IR75d (P = 0.0173), was significantly 565 
up-regulated in antennae of mated female moths compared to males, but no 566 
difference was observed between unmated adults of both sexes (Figure 7). 567 
4. Discussion 568 
Chemosensory or non-chemosensory behaviors driven by receptor gene 569 
repertoires of ORs, GRs and IRs have been extensively studied in recent years, 570 
owing to their involvement in insect-host adaptation and species speciation as 571 
well as their potential as candidate molecular targets for pest control. Recently, 572 
growing knowledge about IR functional roles has shed light on the related 573 
molecular mechanisms of the chemosensory system in insects. However, 574 
functional studies of IRs are restricted to dipteran species, predominantly D. 575 
melanogaster. Here, we have extended and characterized the IR gene 576 
repertoire of 29 lepidopteran species with available genomic data. 577 
4.1. IR gene repertoire in Lepidoptera 578 
Given the completeness and integrity of H. armigera transcriptomes (a 579 
total of 42 libraries), together with the availability of genomic sequences 580 
(Pearce et al., 2017), we first identified and manually curated the IR gene 581 
family of this species. Of particular significance for this work is the identification 582 
and revision of IRs in other lepidopteran species, using a homology-based 583 
method. Accordingly, 856 novel IR candidates are identified from 29 584 
lepidopteran species in this study, and the remaining 140 IRs have been 585 
previously reported (Koenig et al., 2015; Liu et al., 2014; van Schooten et al., 586 













reliability and significance of our work. Notably, 31 IRs are considered to be 588 
pseudogenes because they have similar sequence characteristics (short 589 
sequences and premature stop codons) with Drosophila IR pseudogenes 590 
(Croset et al., 2010). It is reported that a D. sechellia olfactory receptor 591 
pseudogene IR75a could encode a functional receptor (Prieto-Godino et al., 592 
2016), but whether this phenomenon also exists in lepidopteran IR 593 
pseudogenes will require further studies. Likewise, we notice that a certain 594 
proportion of IRs identified from transcriptomes, especially those with low 595 
expression levels, have some errors in full-length transcripts (e.g. 5' or 3' 596 
incomplete, missing some AAs during the medium) (Dong et al., 2016; Ge et 597 
al., 2016; Liu et al., 2014). This may be attributed to longer ORFs of IRs, which 598 
is distinct from the two other chemoreceptors of ORs and GRs. Together, this 599 
study has greatly improved the availability of IR gene repertoire in Lepidoptera, 600 
and most importantly, allows us to conduct a widespread and comprehensive 601 
analysis among Lepidoptera and/or other insect orders. 602 
Sequence identity indicates that IR25a or IR87a in H. armigera and H. zea 603 
have complete identical residues. Considering the fact that H. armigera and H. 604 
zea are two closely related sibling species (approximate 1.5 Mya for their 605 
divergence) (Behere et al., 2007; Mallet et al., 1993), there is an overlap for 606 
parts of host plants. Thus, it may be not surprising that some olfactory IR 607 
genes have identical sequences. Phylogenetic clustering analysis clearly 608 
reveals that the clade of co-receptors, IR8a and 25a, is very closely related to 609 
the iGluR family in phylogeny. As previously implicated, IR25a is most likely to 610 
be an ancestral member of insect IR family (Croset et al., 2010). In all 611 
orthologous groups, Lepidoptera IR25a orthologs share the highest protein 612 
mean identity (88.85%) and the lowest dN/dS ratio (0.0311), further supporting 613 
the origin of IR25a as ancestor. In the tree, IR gene repertoire is split into three 614 
large sub-families (A-IRs, LS-IRs and D-IRs) following the classification of 615 
Drosophila, but it appears to be somewhat distinctive from the case of 616 













conserved orthologous groups have undergone strong purifying selection, as 618 
indicated the case in drosophilid (Croset et al., 2010) and Heliconius IRs (van 619 
Schooten et al., 2016). Such result to some extent reflects the adaptation and 620 
specialization of Lepidoptera insects to distinct ecological contexts. 621 
4.2. Conservation and variation of IR numbers 622 
A large number of gene duplication events have occurred in the IR family 623 
exhibiting tandem duplications, closely locating on the same scaffold or 624 
chromosome, similar to ORs and GRs (Briscoe et al., 2013; Eyun et al., 2017; 625 
Robertson and Wanner, 2006; Smadja et al., 2009; Xu et al., 2016). As 626 
expected, nearly all antennal IRs retain a strict single copy across lepidopteran 627 
species, suggestive of olfactory conservation of this sub-family. Nevertheless, 628 
analysis of gene location in A-IRs and LS-IRs sub-families (IR41a, 76b, 75p, 629 
75q, 87a, 100a and 100b) reveals that these copies within a single species are 630 
in very close vicinity on one scaffold, possibly derived from gene duplications 631 
to each other. The above duplication events of IR41a and 76b have also been 632 
observed in mosquito species of Aedes aegypti, Anopheles gambiae and 633 
Culex quinquefasciatus (Leal et al., 2013; Rytz et al., 2013; Sparks et al., 634 
2014). In this study, three other duplication events (IR87a, 100a and 100b) are 635 
the first report in arthropods. Unfortunately, experimental evidence to support 636 
the existence of multiple copies in the two sub-families is lacking due to 637 
unavailability of insect material in these corresponding species. 638 
Gene duplication is thought to be the main avenue of gene gains for a 639 
specific species, not only leading to gene number variations among different 640 
species, but also fostering speciation. Such events are also proposed to be an 641 
adaptation for different ecological contexts associated with differentiated host 642 
plants and diversified environmental conditions (Engsontia et al., 2008; Heckel, 643 
2010; Nei et al., 2008; Smadja et al., 2009). Although several gene 644 













copies still retain the homology with other IR genes. Therefore, members of 646 
D-IRs sub-family in Lepidoptera account for a large constituent of gene 647 
number variations, and may predominantly contribute to evolutionary 648 
divergence. On the contrary, the remaining two sub-families of A-IRs and 649 
LS-IRs are possibly linked to evolutionary convergence. Correspondingly, 650 
gene losses also result in variations of IR numbers. In our analyses, 14 651 
orthologous groups presenting in all three sub-families show gene loss events. 652 
Thus, we infer that these genes may be lost during evolutionary process due to 653 
negative selective pressure. Another reasonable explanation is that they are 654 
missed through genome sequencing or assemblies. Thus, our study provides 655 
evidence that lepidopteran IR gene repertoires have undergone a 656 
birth-and-death evolution, as revealed in Drosophila and ant IRs (Croset et al., 657 
2010; Zhou et al., 2012). 658 
4.3. Conservation and divergence of IR structure and function 659 
In the exon and intron structural analysis, all three sub-families of IR 660 
genes exhibit variable intron numbers, where A-IRs in general possess more 661 
introns and conversely less for D-IRs, similar to Drosophila species (Croset et 662 
al., 2010). Intriguingly, two antennal-enriched genes (IR60a and 87a) are 663 
intronless, unlike other A-IRs and LS-IRs members containing multiple introns. 664 
It is of particular interest whether these two IRs couple the sensing of smell 665 
and taste, since they are closer to the sub-family of D-IRs in phylogeny but 666 
belong to A-IRs and LS-IRs clades. To further verify the above hypothesis, we 667 
investigated their expression in taste and olfactory tissues. As expected, the 668 
two IRs are expressed in principle chemosensory organs including antenna, 669 
proboscis and leg. Thus, it is hypothesized that two groups of IR60a and 87a 670 
are present between A-IRs and D-IRs in evolutionary history and bear dual 671 
roles in smell and taste. 672 













length) in each orthologous group have assisted us to annotate and identify 674 
IRs, and provide valuable resources as reference information for future studies. 675 
In addition to orthologous groups, paralogous groups also attract our interest 676 
as to whether these paralogs have similar functions. Analysis of key residues 677 
in ligand-binding domains reveals identical amino acids in all three positions 678 
for some paralogs, showing a preference among adjacent genes. This could 679 
be a unique implication of conservation between gene organization and 680 
function. 681 
With a focus on H. armigera IR function, expression profiles of three 682 
putative co-receptors (IR8a, 25a and 76b) reveal that IR76b, which was 683 
previously postulated to be a second type of co-receptor (Croset et al., 2016; 684 
Ganguly et al., 2017; Rytz et al., 2013), appears to have a more widespread 685 
expression pattern in H. armigera relative to two other co-receptors, 686 
suggesting broader functional roles. However, IR25a expression is higher than 687 
the two other co-receptors in antennae, proboscises and legs, which is in 688 
contrast to the results of H. melpomene (van Schooten et al., 2016), D. 689 
melanogaster (Benton et al., 2009; Rytz et al., 2013), and C. quinquefasciatus 690 
(Leal et al., 2013), but is similar to that of A. aegypti (Sparks et al., 2014). In 691 
addition, over 80% of antennal IRs are highly expressed in antennae, a 692 
principle olfactory organ, indicative of their association with olfaction. 693 
Consequently, this sub-family is functionally defined as olfactory receptor in 694 
Lepidoptera like Drosophila species (Rytz et al., 2013). 695 
At larval and adult stages, olfactory-driven behaviors are guided primarily 696 
by the antennae housing numerous chemosensory neurons. Three IRs 697 
(HarmIR7d.3, 75p.1 and 87a) display differential expression between larvae 698 
and adults, i.e. IR7d.3 and 75p.1 are expressed predominantly in larval 699 
antennae possibly guiding larvae-associated behaviors, while IR87a is 700 
detected only in adult antennae, as seen the case in Spodoptera littoralis 701 
(Olivier et al., 2011). Beyond the antennal-specific IRs, the remaining IRs are 702 













reproductive organs, indicating their functional diversities. In A. aegypti, D. 704 
melanogaster, C. quinquefasciatus and H. melpomene, IRs have been shown 705 
to have expression in taste organs like legs or proboscises primarily involved in 706 
gustation (Koh et al., 2014; Leal et al., 2013; Sparks et al., 2014; van Schooten 707 
et al., 2016). Our current study on the expression of A-IRs members in 708 
proboscises and legs suggests an additional taste role of some H. armigera 709 
IRs, deserving further functional studies. Together, our comprehensive 710 
expression map offers valuable information for future studies, and implies 711 
functional conservation and diversities associated with olfaction, gustation and 712 
reproductive behaviors. 713 
In D. melanogaster, A-IRs are expressed primarily in coeloconic sensilla 714 
(Abuin et al., 2011; Benton et al., 2009). Moths and butterflies also possess 715 
this sensillum type in antennae of adults. As indicated by single sensillum 716 
recording in B. mori (Pophof, 1997), Cactoblastis cactorum (Pophof et al., 717 
2005) and Calyptra thalictri (Hill et al., 2010), this type of sensillum is sensitive 718 
to carboxylic acids, ammonia and other general odors. Previously, these two 719 
classes of acids and amines have been demonstrated as functional ligands 720 
responsible for food-detection and host-seeking in Drosophila (Benton et al., 721 
2009; Silbering et al., 2011) and A. gambiae (Pitts et al., 2017). Considering 722 
the fact that chemosensory receptors responding to carboxylic acids or amines 723 
remain to be identified in lepidopteran species, coupled with IR orthology and 724 
conserved residue pattern, we speculate that in Lepidoptera some IR genes 725 
are likely in charge of the sensing of these ligands. 726 
4.4. Candidate H. armigera IRs involved in mating behaviors 727 
Mating in moths is of particular importance for survival and reproduction, 728 
and is accomplished primarily by olfactory-associated genes including three 729 
super-families of receptors. After mating, female or male adults drive a series 730 













and preparing for re-mating for males (Knolhoff and Heckel, 2014). Such 732 
physiological activities will in general cause changes in gene expression levels, 733 
and accordingly screening for some differential expressed genes can identify 734 
potential targets for olfactory recognition. Consequently, we proposed that 735 
some antennal IRs in Lepidoptera likely mediate mating-related behaviors. 736 
Differential expression analysis implies that three HarmIRs (IR1.1, 1.2 and 737 
75d) are likely involved in mating behaviors, as previously reported the case 738 
that D. melanogaster IRs were involved in the detection of mating behaviors 739 
(Grosjean et al., 2011; Koh et al., 2014). More recently, studies from D. 740 
melanogaster have demonstrated that IR25a, 41a and 76b mediate the 741 
detection of oviposition-related odors (Chen and Amrein, 2017; Hussain et al., 742 
2016). Our current study provides preliminary evidence that H. armigera IR1.2 743 
and 75d are candidate target genes for the sensing of oviposition odors in this 744 
species. 745 
5. Conclusions 746 
Through comprehensive genomic data, we have identified a large number 747 
of IR genes in Lepidoptera, as many as 996 with an increase of 856. Based on 748 
sequence characteristics, phylogenetic analyses and expression profiles, three 749 
sub-families of IRs (A-IRs, LS-IRs and D-IRs) were distinguished, presenting a 750 
different classification from Drosophila species. Gene duplications have 751 
occurred mainly in D-IRs sub-family, and minimally in the two other 752 
sub-families. Strikingly, both IR1.2 and 75d are potential target candidates for 753 
female oviposition host-seeking. To our knowledge, this is the most detailed 754 
information reported on Lepidoptera IRs to date. Together, this study has 755 
provided valuable reference data for further gene annotation and functional 756 
studies of IRs, and meanwhile identifies potential IR candidates for olfactory, 757 
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Table 1. Typical gene duplication of IRs in Lepidoptera. 1019 
 1020 
Note: The IRs (blue) of gene duplications are situated close to each other on the same 1021 
scaffold. The transcriptional orientation is indicated by arrows. The distance between 1022 
adjacent genes is presented in red. In each species, identities of paralogous genes and 1023 
their respective residues in three key sites of iGluRs are shown. 1024 













Table 2. Insights into gene gains and losses of Lepidoptera IRs. 1026 
 1027 
Note: The presence (colored boxes) or absence (blank) of genes in 14 IR orthologous 1028 
groups is indicated in six insect orders. Numbers in a colored box represent gene copies 1029 













Figure legend 1031 
Figure 1. The IR gene repertoire in Lepidoptera. (A) Length distribution of IR 1032 
genes with full-length sequences. A total of 825 full-length IRs were analyzed. 1033 
Approximately 61% of these genes contain 581-640 amino acids. (B) 1034 
Classification of candidate IRs in Lepidoptera. In H. armgera, IRs were 1035 
distinguished into three sub-families: antennal (A-IRs), divergent (D-IRs), and 1036 
Lepidoptera-specific (LS-IRs) IRs, based on the expression in antennae. Parts 1037 
of D-IRs (yellow-green) and LS-IRs (brown) are classified into the A-IRs 1038 
sub-family based on their RPKM values, RT-PCR and qPCR results. 1039 
Accordingly, IRs from other species would follow the classification of HarmIRs 1040 
according to sequence orthology. The numbers of pseudogenes (blue) and 1041 
partial sequences (red) are indicated in brackets, respectively. The detail 1042 
information of this classification is listed in Table S4. 1043 
Figure 2. Phylogenetic relationship of candidate IRs in Lepidoptera. (A) 1044 
Phylogenetic tree of antennal IRs from 29 lepidopteran species. (B) 1045 
Phylogenetic tree of divergent, Lepidoptera-specific IRs and IR60a from 29 1046 
lepidopteran species. Papilio- or moth-specific IRs are labeled. The trees were 1047 
constructed with FastTree 2.1.8, based on the aligned protein sequences with 1048 
MAFFT v7.308. Each gene is assigned a species-specific color pattern, where 1049 
each clade is distinguished into moth (M) and butterfly (B) sub-groups. The 1050 
NMDA sub-family from H. armigera (HarmiGluR5 and iGluR8) was used to root 1051 
the tree. (C) Distribution of dN/dS rates in 27 orthologous groups from 29 1052 
lepidopteran species. In each sub-family, those IRs with the lowest and highest 1053 
dN/dS values are indicated, respectively. Horizontal lines mean the median 1054 
values. A-IRs, antennal IRs; D-IRs, divergent IRs and LS-IRs, 1055 
Lepidoptera-specific IRs. 1056 
Figure 3. Schematic model of orthologous IRs in Lepidoptera. In each 1057 













structure. Structure of exon and intron boundaries was analyzed with 1059 
GeneWise. The length of each exon or intron represents a mean value of all 1060 
the IRs selected. Functional domains [one ion channel pore (P: orange), two 1061 
lobes of ligand-binding domains (S1 and S2: purple), three transmembrane 1062 
domains (M1, M2 and M3: red)] are highlighted by three color patterns. Intron 1063 
gains and losses are marked with species abbreviation. Scale bars represent a 1064 
size of 500 bases. 1065 
Figure 4. Expression profile of H. armigera IRs in different tissues of both 1066 
sexes and developmental stages. (A) Expression of candidate H. armigera 1067 
IRs with heatmap plots, based on RPKM values. Three sub-families of IRs 1068 
were distinguished: Lepidoptera-specific (upper left), antennal (middle) and 1069 
divergent (lower left) IRs. Tissues at different developmental stages: Em, 1070 
embryos; 3rd, whole bodies of 3rd instar larvae; 5th, whole bodies of 5th instar 1071 
larvae and Pu, pupae; and various tissues of 5th instar larvae: An, antennae; 1072 
Ep, epidermises; FB, fat bodies; Fg, foreguts; Hc, hemocytes; He, hearts; Hg, 1073 
Hindguts; MT, malpigian tubules; Mg, midguts; Mo, mouthparts; Mu, muscles; 1074 
Sa, salivary glands; Si, silk glands; Tr, trachea and VN, ventral nerves as well 1075 
as adult tissues: ♂An, male antennae; ♀An, female antennae; ♂He, male 1076 
heads with antennae; ♀He, female heads with antennae; ♂Th, male thorax; 1077 
♀Th, female thorax; ♂Ab, male abdomens; ♀Ab, female abdomens; ♂Ta, male 1078 
tarsi; ♀Ta, female tarsi; ♂Te, male testes and ♀Ov, ovaries. (B) Expression of 1079 
candidate H. armigera IRs in various tissues of both sexes. Top: expression of 1080 
three co-receptor genes. Bottom: expression of other IR genes. In the bottom 1081 
panel, except antennae other tissues were equally mixed with female and male 1082 
adults. An, antennae; Pr, proboscises; He, heads without antennae and 1083 
proboscises; Th, thorax; Ab, abdomens; Le, legs and Wi, wings. 1084 
Figure 5. Expression profile of H. armigera IRs in reproductive tissues of 1085 













The photos were taken under light microscopy, and each constituent was 1087 
separated and further photographed. (B) Expression of IR genes in the tissues 1088 
descried above. The abbreviation of tissues represents respective portions of 1089 
reproductive systems in panel A. 1090 
Figure 6. Expression of H. armigera antennal IRs in taste organs. 1091 
Proboscises and legs of both sexes were selected to determine the expression 1092 
of 26 antennal IRs. The expression by a cycle threshold value of 30 in each 1093 
tissue was calculated relative to two reference genes, RPL27 and RPS15, and 1094 
then an expression mean value in four tissues was defined as an expression 1095 
threshold value (ETV) of 0.0016. The IRs with the expression of over ETV 1096 
(Fold change > 1) were grouped into candidate gustatory receptors. Error bars 1097 
represent standard errors of three independent biological pools with three 1098 
technical replicates of each template. 1099 
Figure 7. Expression of H. armigera antennal IRs in antennae of mated 1100 
and unmated adults. Gene expression was calculated relative to two 1101 
reference genes of RPL27 and RPS15. Statistical significance was determined 1102 
by Student′s t-test (**p < 0.01, *p < 0.05). Error bars represent standard errors 1103 
of three independent biological pools with three technical replicates of each 1104 
template. MA, male antennae and FA, female antennae. 1105 
Table S1. Information of lepidopteran genomes used in this study. 1106 
Table S2. Information of IR gene repertoire in Lepidoptera. 1107 
Table S3. Primers used for expression profile and gene cloning of H. 1108 
armigera IR genes. 1109 
Table S4. IR genes in 29 lepidopteran species. 1110 













27 orthologous groups from 29 lepidopteran species. 1112 
Table S6. Other gene duplication events of IRs in Lepidoptera. 1113 
Table S7. Comparison of key amino acid residues of IRs in orthologous 1114 
groups between D. melanogaster and Lepidoptera. 1115 
Figure S1. Phylogenetic tree of lepidopteran IR pseudogenes, D. 1116 
sechellia IR75a, D. melanogaster iGluRs and IRs. The tree was constructed 1117 
using PhyML with JTT substitution model and NNI topology search. Branch 1118 
support was estimated using an approximate likelihood ratio test (Chi2) and 1119 
support value with < 0.90 is indicated on the branches. The iGluR family was 1120 
used to root the tree. The scar bar represents one amino acid substitutions per 1121 
site. 1122 
Figure S2. Distribution of B. mori IR genes on chromosomes. Candidate 1123 
IRs in B. mori were mapped to the genome to determine their locations on the 1124 
chromosomes. 1125 
Figure S3. Expression profile of P. xylostella IR genes at different 1126 
developmental stages. Expression of candidate IRs in P. xylostella is shown 1127 























































































































































 996 IR genes (856 new) were identified from 29 lepidopteran genomes. 
 Lepidoptera IRs could be distinguished into three sub-families: Divergent 
IRs, Antennal IRs and Lepidoptera-specific IRs. 
 Gene structure, gain, loss and phylogeny of Lepidoptera IRs were 
characterized. 
 Some H. armigera antennal IRs likely had dual functions of smell and 
taste. 
 H. armigera IR1.2 and IR75d were identified as potential IR candidates for 
oviposition host-searching. 
